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Abstract
An earlier experiment using a yes–no procedure with a search accuracy task [A.L. Nagy, G. Thomas, Distractor heterogeneity,
attention, and color in visual search tasks, Vision Research, 43 (2003) 1541–1552] showed that observers could combine information
in diﬀerent cardinal color mechanisms to facilitate search performance. In the experiments reported here we attempted to replicate
these results with a forced-choice procedure and tested three diﬀerent models of the manner in which information in diﬀerent feature
coding mechanisms is combined. One model was a linear summing model in which signals in diﬀerent mechanisms are linearly
summed in a mechanism under the control of attention. The summed signals are used to guide attention to likely targets. The second
model was a nonlinear selection model in which signals in one mechanism are used to select stimuli for attention. A decision is then
based on signals generated by the selected stimuli in a mechanism other than the one that is used for selection. The third model was
the linear separability model, which suggests that the chromaticity of the target stimulus must be separated from the chromaticities
of the distractor stimuli by a straight line in a chromaticity diagram for eﬃcient search. Results favored the nonlinear selection
model over the linear summing model and the linear separability model.
 2004 Elsevier Ltd. All rights reserved.
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Early visual search experiments (e.g., Treisman & Ge-
lade, 1980) suggested that observers could attend to infor-
mation in only one class of feature coding mechanisms
when attempting to attend to stimuli at many diﬀerent
locations in the visual ﬁeld. Subsequent experiments
showed that information in diﬀerent feature coding
mechanisms could be combined to facilitate search under
some conditions (DZmura, Lennie, & Tiana, 1997;
Nakayama & Silverman, 1986; Treisman & Sato, 1990;
Wolfe, Cave, & Fanzel, 1989). Several investigators pro-0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.05.031
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3347.
E-mail address: allen.nagy@wright.edu (A.L. Nagy).posedmodels for the combining of signals in diﬀerent fea-
ture coding mechanisms (e.g., Eckstein, 1998; Treisman
&Sato, 1990;Wolfe, 1994). Thesemodels diﬀer in various
respects but a feature common to many of them is that
signals in diﬀerent feature codingmechanisms are linearly
summed in a mechanism under attentional control. That
is the observer can select various diﬀerent feature coding
mechanisms and linearly sum the signals in these mecha-
nisms. The summed signals can then be used to direct
attention to likely targets.
An alternative hypothesis that might also explain the
results of these experiments is that signals in a feature
coding mechanism may be used to segregate or select
stimuli for attention (see DZmura et al., 1997; Egeth,
Virzi, & Garbart, 1984; Friedman-Hill & Wolfe, 1995;
Kaptein, Theeuwes, & van der Heijden, 1995; Nakay-
ama & Silverman, 1986; Smallman & Boynton, 1990).
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select a subset of stimuli for attention while signals from
other stimuli are ignored. Signals that are generated by
the selected stimuli in a feature coding mechanism other
than the mechanism that is used for selection are then
used to make a decision about target presence.
With regard to search based on color, several experi-
ments have shown that information in the three
independent cardinal color-coding mechanisms (Kraus-
kopf, Williams, & Heely, 1982) believed to code color
in the peripheral stages of the visual system can be com-
bined to facilitate search (Bauer, Jolicoeur, & Cowan,
1996a, 1996b, 1999; DZmura, 1991; Nagy, 1999; Nagy
& Winterbottom, 2000). One hypothesis proposed to ex-
plain these results is that signals in the cardinal mecha-
nisms are recombined in higher order color mechanisms
that are tuned to many directions in color space
(DZmura, 1991). There is evidence in support of the
higher order color-coding mechanisms from other types
of psychophysical studies (DZmura & Knobloch, 1998;
Krauskopf, 1999; Krausfopf, Williams, Mandler, &
Brown, 1986; Zaidi, 2001) and also from physiological
studies of color sensitive neurons in the cortex (Kiper,
Levitt, & Gegenfurtner, 1999; Lennie, Krauskopf, &
Sclar, 1990). Predictions from this model have been de-
scribed in terms of a linear separability hypothesis,
which is discussed below.
In earlier experiments employing an accuracy search
task (Nagy & Thomas, 2003) we found that signals in
diﬀerent cardinal color-coding mechanisms could be
combined to facilitate search for a target stimulus. Re-
sults from these experiments were consistent with the
hypothesis that cardinal directions in color space (Boyn-
ton & Kambe, 1980; Derrington, Krauskopf, & Lennie,
1984; Krauskopf et al., 1982) represent independent col-
or-coding mechanisms, but showed that when signals in
more than one mechanism provided useful information
about the presence or absence of a target, performance
was better than when just one mechanism provided use-
ful information. The purpose of the experiments de-
scribed below was to provide some insight into howFig. 1. Illustration of the arrangement of stimulus chromaticities foinformation in diﬀerent color mechanisms is combined
to facilitate performance in the search accuracy task.
We tried to test the linear summing, linear separability,
and the nonlinear selection models that have been dis-
cussed above.
The reasoning behind the ﬁrst two experiments is
illustrated in Fig. 1. The axes in this ﬁgure represent
excitation levels in diﬀerent cardinal color mechanisms.
The left panel in the ﬁgure shows the excitations pro-
duced by stimuli presented in a search experiment.
The nine X symbols in this graph represent the mean
excitations of the distractor stimuli and the ﬁlled circle
represents the mean excitation of the target stimulus.
Suppose that excitations produced by each stimulus in
each mechanism are somewhat variable but that the dif-
ferences between the mean excitations of the nine dis-
tractors are much larger than this variability so that
the nine distractors are easily discriminable from each
other. The target stimulus generates the same mean
excitation in mechanism 1 as the distractor stimulus that
produces the greatest mean excitation of mechanism 1,
but diﬀers from it in the mean excitation it produces
in mechanism 2 which is slightly greater than zero.
These 10 stimuli are brieﬂy presented in random loca-
tions in a display and the observers task is to determine
the location of the target with small S increment in
chromaticity. Signals in Mechanism 1 cannot be used
to determine the location of the target, but these signals
can be used to aide detection of the target if the obser-
ver knows that the target stimulus produces a high exci-
tation level in mechanism 1. Thus the signals in
mechanism 1 can potentially be used to improve per-
formance. Either the linear summing model or the non-
linear selection model would predict that performance
in this condition might be better than in a condition
in which all of the distractors are uniform and produce
the same excitation as the target does in mechanism 1.
With uniform distractors the observer must discriminate
the signal that the target produces in mechanism 2 from
the nine signals produced in mechanism 2 by the
distractors.r testing the linear summing and nonlinear selection models.
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Wolfe (1994), the observer can use signals representing
the summed excitations in mechanisms 1 and 2 from
each of the stimuli to direct attention to likely targets.
Because many of the distractors produce quite small
mean signals in mechanism 1 and an average signal of
zero in mechanism 2 the summed signals from those dis-
tractors would be much smaller than the summed signals
from the target and the one distractor that produces the
largest mechanism 1 excitation. As a result summed sig-
nals from distractors that produce small signals in mech-
anism 1 would not be confusable with the summed
signal from the target. If the diﬀerences in mechanism
1 excitation are large enough, only the distractor that
produces the largest excitation in mechanism 1 would
produce a summed signal that would be confusable with
the summed signal from the target. Thus if observers can
use linear sums of signals in diﬀerent feature coding
mechanisms to direct attention to the target stimulus
and the most similar distractor (the two stimuli that pro-
duce the largest summed signals) we might expect per-
formance to be better in the condition illustrated in
the left panel of Fig. 1 than in a condition in which all
of the distractors produce the same mechanism 1 excita-
tion as the target, because the observer needs only to at-
tend to mechanism 2 signals from these two stimuli
rather than signals from all 10 stimuli (For discussions
of how threshold increases with the number of stimuli
attended or the number of signals involved in the deci-
sion process, see Graham (1989, pp. 254–257) and Pal-
mer, Aimes, & Lindsay (1993)).
According to the nonlinear selection model the obser-
vermight use signals inmechanism 1, which are easily dis-
criminable, to select a subset of potential target stimuli.
For the condition illustrated in the left panel of Fig. 1
the observer might use signals in mechanism 1 to select
the two stimuli that produce the largest signals in this
mechanism, and then try to determine which of these
two stimuli produces the largest signal in mechanism 2.
If the selection is accurate, we might expect performance
to be better in the condition illustrated in the left panel of
Fig. 1 than in a condition in which all 10 stimuli share the
same mechanism 1 excitation as the target and the obser-
ver must attend to signals in mechanism 2 from all 10
stimuli, because only two 2 signals from mechanism 2
are involved in the decision process rather than 10 signals.
A second experiment is illustrated in the right panel.
The same set of nine distractor stimuli is presented in
this experiment and the target again diﬀers from the dis-
tractors in the excitation it produces in mechanism 2,
but the target now produces the same excitation in
mechanism 1 as a distractor in the middle of the range
of excitations produced in mechanism 1. The use of a
linear sum of the signals in mechanisms 1 and 2 would
be of little help in directing attention to likely targets
in this experiment because the target would produce asummed signal in the middle of the range of summed
signals from the distractors rather than one of the larg-
est summed signals. Thus we might expect that the ob-
server would abandon the use of the summed signals
to direct attention to likely targets and just attend to sig-
nals in mechanism 2 from all 10 stimuli. Consequently,
performance in this condition might be similar to per-
formance in a condition in which all of the distractors
are uniform and produce the same excitation in mecha-
nism 1 as the target.
However according to the nonlinear selection model,
if the excitations in mechanism 1 diﬀer enough so that
the stimuli are clearly discriminable, the observer might
be able to select eﬃciently the two stimuli that produce
moderate levels of excitation in mechanism 1 (excitation
level of 4 in the ﬁgure) and then base a decision on the
magnitude of the excitation in mechanism 2 produced
by these two stimuli. Thus the nonlinear selection model
would predict that performance in this condition would
be similar to performance in the condition illustrated in
the left hand panel and better than in a condition in
which all the distractors produced the same excitation
in mechanism 1 as the target.
Below we describe experiments of the sort illustrated
here. Results from these experiments support the nonlin-
ear selection model rather than the linear summing
model. A somewhat diﬀerent arrangement of distractor
chromaticities was employed in experiment 3 in order
to test more directly the linear separability hypothesis,
which is discussed further below. Results from experi-
ment 3 support the nonlinear selection model over the
linear separability hypothesis.2. Methods
2.1. Equipment
Stimuli were generated on a 17-in. Nanao T2 color
monitor driven by a Radius Thundercard in a Power-
Mac 8500. A Minolta CS-100 chroma meter was used
to measure the chromaticities of the phosphors and to
generate look-up tables containing the phosphor lumi-
nances for each DAC value. The look-up tables were
used with another computer program, which searched
for the DAC values required to produce a color of de-
sired chromaticity and luminance using a least squared
error criterion. This program was used to generate val-
ues for the stimuli that were to be used in the experi-
ments and to save them in a text ﬁle that could be
read by the experimental program.
2.2. Stimuli
The stimuli were small disks 0.125 in diameter pre-
sented on a uniform white background (subtending
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sent during the experiments. In the ﬁrst two experiments
the background ﬁeld was set to a luminance of 7.46 cd/
m2 and a chromaticity of L = 0.662, S = 1.04 (x = 0.322,
y = 0.344). The disks were presented at locations within
an annular region centered on the color monitor. In all
experiments 10 stimuli were presented on each trial. Five
were presented to the left of the ﬁxation point and ﬁve
were presented to the right of the ﬁxation point. The
stimuli on each side of ﬁxation were separated by
approximately 30 of arc with larger 60 gaps between
the stimuli nearest a vertical line through the ﬁxation
point. The location of each stimulus was randomly jit-
tered from trial to trial so that the x and y coordinates
varied by as much as plus or minus 0.375 of visual
angle (see Fig. 2).
In the ﬁrst experiment the luminance of the stimuli
was ﬁxed at 11 cd/m2, a contrast ratio of 0.47. Distractor
stimuli varied in L chromaticity and target stimuli dif-
fered from distractors in S chromaticity. In the second
experiment the S chromaticity of the stimuli was ﬁxed
at a value of 2.5. Distractor stimuli varied in luminance
and target stimuli diﬀered from distractors in L chroma-
ticity. The chromaticities of the stimuli were chosen in
the cone excitation chromaticity diagram described by
MacLeod and Boynton (1979).
2.3. Procedures
The color monitor was viewed from a distance of
1.4 m in a dark room with ﬂat black walls and ﬂooring
so that little was visible other than the stimuli on the
monitor. A chin rest was used to stabilize head position.
A spatial two-alternative forced-choice procedure was
used in all experiments. A target stimulus appearedFig. 2. Illustration of the presentation of stimuli. Not drawn to scale.among the distractor stimuli on every trial and the ob-
servers task was to indicate whether the target appeared
to the left or the right of the ﬁxation point. The presen-
tation of a small, dim ﬁxation cross indicated the begin-
ning of a trial. The ﬁxation cross was presented in the
center of the annular region in which the stimuli ap-
peared. One second after the onset of the ﬁxation cross,
the stimuli were presented. Color table animation was
used to present the stimuli for 15 frames or approxi-
mately 200 ms. A half second after the oﬀset of the stim-
uli a cursor and a vertical line dividing the screen in half
appeared. The observer was instructed to use a mouse to
place the cursor to the left of the line if the target had
appeared to the left of the ﬁxation cross or to the right
of the line if the target had appeared on the right. The
mouse button was then depressed to record the re-
sponse. The cursor and vertical line were erased and
the ﬁxation cross was presented after a short delay to
indicate the beginning of the next trial. A tone was used
to give feedback when the observer made an error.
Trials were run in blocks of 50. On half of the trials
within each block the target stimulus was presented on
the left side of the display and on the other half of the
trials it was presented on the right side of the display.
The location of the target stimulus in the array of 10
stimuli was chosen randomly. Typically ﬁve or six
blocks of 50 trials were run in succession to obtain a psy-
chometric function. Generally diﬀerent target colors
were selected for each of the blocks of trials in order
to span the performance range from 50 to 100 percent
correct. It took approximately 30 min to complete the
ﬁve or six blocks of trials. Observers often collected data
for two psychometric functions in one session lasting a
little over an hour. Each psychometric function was re-
peated on a diﬀerent day. Weibull functions were ﬁt to
each set of data in order to estimate the chromaticity dif-
ference corresponding to 75% correct and this diﬀerence
was taken as an estimate of threshold. Threshold esti-
mates from the two diﬀerent days were averaged to ob-
tain a single estimate of threshold.
2.4. Subjects
Five observers including three males and two females
participated in the ﬁrst two experiments. The observers
ranged in age from approximately 20 to 30 years. All
had normal color vision and normal or corrected to nor-
mal visual acuity. All of the observers had at least a
moderate amount of practice at the task before the data
reported were collected.3. Experiment 1
In the ﬁrst experiment thresholds were measured in
the S direction at three diﬀerent L chromaticities, which
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appearance. Because the stimuli were always presented
at a luminance contrast of 0.47, they were always easily
visible against the background regardless of chromati-
city. In one condition the distractors were uniform and
the target diﬀered from distractors in S chromaticity
only. Thresholds in this condition were compared with
thresholds in a heterogeneous condition in which the
distractors varied in L chromaticity. Distractor chro-
maticities were spaced at approximately equal intervals
along the L axis. Each of nine distractor chromaticities
was assigned randomly to one of the distractor locations
on each trial. The tenth stimulus shared one of the L
chromaticities of the distractors (either white, desatu-
rated green, or saturated green) but diﬀered from this
distractor in S chromaticity. The two stimuli that shared
an L chromaticity were always presented on opposite
sides of the ﬁxation point. The observers task was to
indicate whether the stimulus containing the S incre-
ment appeared to the left or right of the ﬁxation point
on each trial. Fig. 3 shows nine distractor chromaticities
plotted in the cone excitation diagram. The arrows indi-
cate the three diﬀerent L chromaticities at which thresh-
olds were measured in the S direction. A prompt at the
beginning of each block of trials indicated to the obser-
ver the appearance of the target for that block of trials,
the range of variation in the distractors, and the appear-
ance of the most similar distractor in the variable
conditions.Fig. 3. Cone excitation diagram showing target and distractor
chromaticities for experiment 1. Arrows indicate chromaticites at
which a threshold was measure in the S direction. Color names
indicate approximate color appearance of stimuli at diﬀerent locations
in the diagram. The white background had a chromaticity of L =
0.662, S = 1.04.Linear summing models predict that thresholds
should be lower for the saturated green than for the
desaturated green and white stimuli in the variable con-
dition. The prediction is based on the idea that can use
sums of L and S signals to guide attention to likely tar-
gets when the target produces a large L signal (repre-
senting greenness), but such a sum is not useful when
the target produces a small L signal (the desaturated
green target) or approximately no L signal (the white
target). Thus, the hypothesis that we tested was that
the threshold for detecting the S increment would be
lower for the saturated green target. Thresholds would
be higher for the white and desaturated green targets
in the variable condition and probably about the same
magnitude as in the uniform conditions.
In contrast the nonlinear selection model predicts
that if the diﬀerences between the L signals from the
stimuli are large enough the observer should be able to
select or segregate the two stimuli that are most likely
to be the target regardless of whether they are saturated
green, desaturated green, or white. Thus thresholds for
all three targets should be lower in the variable condi-
tion than in the uniform condition.
3.1. Results
Results from the ﬁve observers are shown in Fig. 4.
The S chromaticity diﬀerence at threshold is plotted
on the ordinate against the L chromaticity of the targetFig. 4. Threshold S diﬀerences from experiment 1 plotted as a function
of L chromaticity. Diﬀerent symbol shapes indicate diﬀerent observers.
Open symbols indicate thresholds from the uniform condition and
ﬁlled symbols indicate thresholds from the variable condition. The
solid line is drawn through the means of the variable condition and the
dashed line is drawn through the means of the uniform condition.
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observers. Filled symbols indicate the variable condition
and open symbols indicate the uniform condition. The
solid line is drawn through the mean thresholds for
the variable condition and the dashed line is drawn
through the means for the uniform condition. Thresh-
olds are approximately the same size regardless of the
L chromaticity of the target in both conditions, but
mean threshold in the variable condition is signiﬁcantly
lower (73%, t = 5.96, p < 0.0001) than in the uniform
condition. Thus the hypothesis that thresholds for satu-
rated green targets in the variable condition should be
lower than thresholds for the desaturated green and
white targets was not conﬁrmed. Therefore the results
support the nonlinear selection model over the linear
summing model.Fig. 5. Plot showing the luminances and L chromaticities of the
stimuli in experiment 2. Arrows indicate the luminance levels at which
a threshold was measured in the L direction. Color names indicate
approximate color appearance of stimuli at diﬀerent locations in the
diagram. The white background had a chromaticity of L = 0.662,
S = 1.04.4. Experiment 2
In the second experiment thresholds were measured
in the +L chromaticity direction at three diﬀerent stim-
ulus luminance levels in the uniform conditions. Thresh-
olds obtained in this condition were again compared
with those obtained in a variable condition in which
the distractors varied in luminance while chromaticity
was ﬁxed. Nine diﬀerent distractor luminances were cho-
sen at approximately equal intervals along the lumi-
nance axis. They ranged from slightly above the
background luminance to well above the background
luminance. Each luminance level was assigned randomly
to one of the distractor stimuli in the variable condition.
The tenth stimulus was the target and shared the lumi-
nance of one of the distractor stimuli but diﬀered from
it in L chromaticity. The two stimuli that shared the
same luminance were presented on opposite sides of
the ﬁxation point. All of the stimuli shared the same S
chromaticity (2.50), which diﬀered from the background
chromaticity (S = 1.04) so that all of the stimuli ap-
peared distinctly bluish on the white background and
were easily visible regardless of luminance level. Fig. 5
shows the luminance of the distractors on the ordinate
plotted against L chromaticity on the abscissa. The ar-
rows indicate the three luminance levels at which thresh-
olds were measured. Again a prompt at the beginning of
a block of trials indicated the appearance of the target
for that block of trials, the range of variation in the dis-
tractors, and the appearance of the distractor stimulus
most similar to the target. Based on the linear summing
hypothesis we expected that thresholds at the highest
luminance level would be lower in the variable condition
than in the uniform condition, but that thresholds at the
other luminance levels would be similar in the uniform
and variable conditions. The prediction is based on the
idea that observers can sum signals representing lumi-
nance contrast with L chromaticity signals and usedthe summed signals to guide attention to the two stimuli
with the largest summed signals. The summed signals
would be useful in guiding attention to likely targets
when the target is one of the two stimuli with the highest
luminance, but not when the target luminance is in the
middle of the range of stimulus luminances. According
to the nonlinear selection model, if observers can use
luminance contrast signals to select a subset of stimuli
to be attended, we might expect that thresholds in the
variable condition to be lower than in the uniform con-
dition regardless of the luminance contrast level of the
target.
4.1. Results
Fig. 6 shows results from the same ﬁve observers who
participated in experiment 1. Again diﬀerent symbol
shapes indicate diﬀerent observers. Open symbols indi-
cate thresholds in the uniform condition and ﬁlled sym-
bols indicate thresholds in the variable condition. The
dotted line is drawn through the mean thresholds in
the uniform condition while the solid line is drawn
through the means in the variable condition. Thresholds
do appear to vary with stimulus luminance contrast
being somewhat higher at the lowest luminance contrast
compared to the other two luminance contrast levels. A
paired T-test comparing thresholds at the lowest lumi-
nance contrast and the highest luminance contrast
showed that this diﬀerence was statistically signiﬁcant
Fig. 6. Threshold L diﬀerences from experiment 2 plotted as a
function of the luminance. Diﬀerent symbol shapes indicate diﬀerent
observers. Open symbols indicate thresholds from the uniform
condition and ﬁlled symbols indicate thresholds from the variable con-
dition. The solid line is drawn through the means of the variable
condition and the dashed line is drawn through the means of the
uniform condition.
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cantly lower in the variable condition (79%, t = 3.64,
p < 0.01) than in the uniform condition. Thus, results
fail to conﬁrm the hypothesis that thresholds in the var-
iable condition should be lower than those in the uni-
form condition only at the highest luminance level.
Results again support the nonlinear selection model
over the linear summing model.Fig. 7. Cone excitation diagram illustrating distractor chromaticities
and thresholds from the ﬁrst half of experiment 3. The X symbols
indicate distractor chromaticities. Open squares indicate mean thresh-
olds from the uniform condition and ﬁlled circles indicate mean
thresholds from the variable condition. Error bars indicate standard
deviations of the mean. Color names indicate approximate color
appearance of stimuli at diﬀerent locations in the diagram.5. Experiment 3
In this experiment a slightly diﬀerent arrangement of
the distractor chromaticities was employed in the varia-
ble condition in order to test the linear separability
hypothesis. In experiments 1 and 2, targets were always
linearly separable from distractors in both the uniform
and variable conditions, and the linear separability
hypothesis would predict little diﬀerence between
thresholds in the two conditions. experiment 3 was de-
signed to introduce a diﬀerence in the linear separability
of targets and distractors in conditions with uniform
and variable distractors in order to provide a more di-
rect test of the linear separability hypothesis. Thresholds
were measured in the S direction at two diﬀerent L chro-
maticities that were saturated green and desaturated
green in appearance. Stimuli were again ﬁxed at a lumi-
nance contrast of 0.47 as in experiment 1, but the lumi-
nance of the white background (L = 0.662, S = 1.04) was
set to 5.0 cd/m2 and the stimulus luminance was ﬁxed at7.35 cd/m2 in this experiment. In the uniform conditions
the distractors all shared the luminance and L chroma-
ticity of the target and the target diﬀered from distrac-
tors only in S chromaticity. In the variable conditions
some of the distractors within each display varied in L
chromaticity while other distractors varied in S chroma-
ticity but diﬀered from the target stimulus in L chroma-
ticity. The X symbols in Fig. 7 illustrate the nine
diﬀerent distractor chromaticities presented on each trial
in the variable conditions. Each of the nine chromatici-
ties was assigned randomly to one of the distractor stim-
uli. The tenth stimulus, the target, shared the L
chromaticity of one of the two distractor stimuli indi-
cated by the vertical arrows but diﬀered from it in S
chromaticity. Again a prompt at the beginning of a
block of trials indicated the appearance of the target
for that block of trials (which was again ﬁxed), the range
of variation in the distractors, and the appearance of the
most similar distractor stimulus in the variable condi-
tion. As in previous experiments the target and the most
similar distractor stimulus were always presented on
opposite sides of the display. The dashed line in Fig. 7
indicates the prediction of the linear separability model
for the condition with variable distractors (Bauer et al.,
1996a, 1996b, 1999; DZmura, 1991). The chromaticity
of the target would have to lie above the line while the
distractor chromaticities lie below the line in order for
a linear mechanism to discriminate the target from
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pated in the experiment. Since results from the three
observers were very similar, mean thresholds are shown
in Fig. 7 for clarity.
5.1. Results
The open squares in Fig. 7 indicate the mean thresh-
olds measured in the uniform condition and the ﬁlled
circles indicate the thresholds in the variable condition.
Error bars indicate the standard deviation of the mean
of the observers. Results in the condition with variable
distractors fail to conform to the predictions of the lin-
ear separability model. The thresholds measured at the
desaturated green L chromaticity (0.634) clearly fall
below the dashed line. Results diﬀer somewhat from
those in previous experiments. In both earlier experi-
ments thresholds in the variable condition were lower
than in the uniform conditions. In this experiment
thresholds in the variable conditions were as high as,
or higher than, those in the uniform condition. Accord-
ing to the nonlinear selection model, thresholds in the
variable condition should be lower than in the uniform
condition because fewer signals are attended in the var-
iable condition. One diﬀerence between this experiment
and experiment 1 was that the range of variation in
the L chromaticity of the distractors was less. We
hypothesized that perhaps this made it more diﬃcultFig. 8. Cone excitation diagram illustrating distractor chromaticities
and thresholds from the second half of experiment 3. The X symbols
indicate distractor chromaticities. Open squares indicate mean thresh-
olds from the uniform condition and ﬁlled circles indicate mean
thresholds from the variable condition. Error bars indicate standard
deviations of the mean. Color names indicate approximate color
appearance of stimuli at diﬀerent locations in the diagram.to select the appropriate stimuli for attention, especially
in light of the variation in the S chromaticity of the dis-
tractors. Therefore, we repeated the experiment with a
range of variation in the L chromaticity of the distrac-
tors similar to that used in experiment 1. Otherwise
the experiment was identical to the one illustrated in
Fig. 7. The same three observers completed this experi-
ment along with one additional observer, DP, who had
not participated in earlier experiments. Since results for
diﬀerent observers were again very similar the mean
thresholds are shown in Fig. 8 for clarity.
The distractor chromaticities are indicated by the X
symbols in Fig. 8, and the dashed line again indicates
the prediction of the linear separability model for the
condition with variable distractors. Open squares again
indicate thresholds in the uniform conditions and ﬁlled
circles indicate thresholds in the variable conditions.
Error bars again show standard deviations of the mean
across observers. Results again fail to conform precisely
to the predictions of the linear separability model but
they also do not conform to the predictions of the non-
linear selection model. Thresholds in the variable condi-
tion are similar to those in the uniform condition.6. Discussion
Results from the uniform conditions in experiment 1
agree with a large body of earlier work suggesting that
the cardinal color opponent directions in color space
represent independent color-coding mechanisms. That
is, thresholds measured in one cardinal direction are
approximately independent of the excitation in the other
cardinal mechanism. Results from experiment 2 showed
that threshold chromaticity diﬀerences measured in the
L cardinal direction vary somewhat with luminance
level, or luminance contrast. Previous experiments indi-
cate that the chromaticity diﬀerence required for a sim-
ple discrimination threshold declines somewhat with
increasing luminance level or luminance contrast (e.g.,
Boynton & Kambe, 1980; Brown & MacAdam, 1949)
so the fact that thresholds for detecting a target vary
with luminance level in a search task does not seem sur-
prising. Results from the variable conditions in both
experiments are consistent with earlier work in suggest-
ing that observers can combine information in diﬀerent
cardinal mechanisms to facilitate search. Mean thresh-
olds in the variable conditions are approximately 76%
of those measured in the uniform conditions across the
two experiments. This diﬀerence is consistent with a sig-
nal detection model (Palmer et al., 1993; Palmer, 1994;
Palmer, Verghese, & Pavel, 2000) which predicts that
reducing the number of signals considered in the deci-
sion process from 10 to 2 should reduce threshold.
The mean slope of the psychometric functions ﬁt to
the data in the variable conditions was shallower than
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iments 1 and 2 is reduced by factor of 0.83, which is
approximately the same change in slope that we have
observed in other experiments when the number of stim-
uli presented in uniform conditions is actually reduced
from 10 to 2. The change in the slope of the psychomet-
ric functions is also consistent with the notion that
observers were attending to fewer signals in the variable
conditions than in the uniform conditions.
Our earlier experiments (Nagy & Thomas, 2003) were
conducted with a yes–no procedure while the experi-
ments reported here were conducted with a forced-
choice procedure. Since the forced-choice procedure is
a criterion-free procedure (Gescheider, 1997), the new
experiments conﬁrm that the facilitation of search in
the variable conditions is not due to a shift in criterion
but to a combination of information in diﬀerent mecha-
nisms. The comparison of thresholds measured at dif-
ferent locations along a cardinal axis in the variable
conditions of experiments 1 and 2 is not consistent with
the linear summing model but is consistent with a non-
linear selection model in which the observer selects stim-
uli for attention on the basis of signals in one cardinal
mechanism and then makes a decision about target loca-
tion on the basis of the signals in another cardinal mech-
anism from the selected stimuli.
Our results suggest that signals in cardinal color
mechanisms may be used to select or segregate stimuli
to be attended. Previous studies, cited in the introduc-
tion, have suggested that at least under some conditions
color signals may be used to select or segregate relevant
stimuli for attention in a search task. Other investigators
have suggested that some spatial features, such as depth
or shape from shading (DZmura et al., 1997; Nakay-
ama & Silverman, 1986), may also be used to segregate
a subset of stimuli, which are then examined on another
feature dimension, from a ﬁeld containing many other
stimuli. Thus segregation appears to be a nonlinear
mechanism by which information in diﬀerent feature
coding mechanisms can be combined to facilitate per-
formance in search tasks. Observers in our studies re-
ported that it was almost as if the two cued stimuli
popped out among the irrelevant stimuli in experiments
1 and 2 and that it was easy to direct attention to the
two stimuli that were the most likely to be the target
stimulus. Bauer et al. (1996a) reported that observers
could detect a single target stimulus whose chromaticity
fell on a straight line connecting the chromaticities
of two diﬀerent types of distractor stimuli in a chroma-
ticity diagram (that is targets that were not linearly sep-
arable from distractors). However, searches for such
targets were typically more diﬃcult than searches for lin-
early separable targets and response times increased
with stimulus set size. Response times for targets that
were not linearly separable were independent of stimulus
set size only when the diﬀerences between the targetchromaticity and the distractor chromaticities were
large.
The results from experiment 3 support the nonlinear
selection model over the linear separability hypothesis.
The similarity of the thresholds measured at diﬀerent
locations along the L cardinal axis in the variable condi-
tion is inconsistent with the linear separability hypothe-
sis (Bauer et al., 1996a, 1996b, 1999; DZmura, 1991).
However, thresholds in the variable condition were
either slightly larger than those in the uniform condition
or approximately the same magnitude regardless of the
magnitude of the variation in the distractors. This result
diﬀers from results in experiments 1 and 2 in which
thresholds in the variable condition were consistently
lower than in the uniform condition. On the basis of
the nonlinear selection model, we might expect that
thresholds in the variable condition should be lower
than those in the uniform condition because the obser-
ver should be able to select a small subset of stimuli
for attention. The similarity of thresholds in the uniform
and variable conditions of experiment 3 is therefore not
entirely consistent with the nonlinear selection model.
We oﬀer two hypotheses, one sensory and one atten-
tional, regarding this result. The sensory hypothesis is
that the presence of distractor stimuli that vary in S exci-
tation alters the sensitivity or gain of the S cardinal
mechanism and thus increases thresholds measured in
the S direction even though the signals from these stim-
uli are not attended to. Contrast gain changes in color-
coding mechanisms have been demonstrated in several
recent experiments (e.g., DZmura & Singer, 1999).
The attentional hypothesis suggests that the presence
of variation in S signals from distractors in the display
makes it more diﬃcult to attend to the S signals from
the selected stimuli because there are large S signals gen-
erated by some of the distractors in the display. That is
the large S signals from some of the distractors may cap-
ture attention when the observer attempts to attend to S
signals from the selected stimuli (for a review of litera-
ture on the capture of attention and contingent capture
of attention, see Yantis (1998)). This diﬃculty might re-
sult in somewhat elevated thresholds in the variable con-
dition even though the decision about target location is
based on signals from only a few stimuli, perhaps only
two. We plan to devise experiments to test these two
hypotheses in the future.
In conclusion, it should be noted that the three diﬀer-
ent models discussed above were based largely on more
typical visual search experiments using response time
measures and larger numbers of stimuli presented in
more crowded displays. Whether the nonlinear selection
model would provide a good description of the results
with a response time measure and more crowded stimu-
lus displays is an open question. In fact the results of the
experiments reported here diﬀer considerably from ear-
lier studies of color search from our lab using response
2980 A.L. Nagy et al. / Vision Research 44 (2004) 2971–2980time measures and more crowded displays with a larger
number of stimuli (Nagy, 1999; Nagy & Winterbottom,
2000). These earlier studies showed that distractor heter-
ogeneity along one cardinal axis either had no eﬀect on
search for a target that diﬀered along a diﬀerent cardinal
axis or a negative eﬀect on the search performance (in-
crease in response time). It seems likely that diﬀerent
models of processing may hold in diﬀerent situations
and the diﬀerences between results reported here and re-
sults of earlier experiments may be due to the diﬀerences
in task demands and viewing conditions.References
Bauer, B., Jolicoeur, P., & Cowan, W. B. (1996a). Visual search for
color targets that are or are not linearly separable from distractors.
Vision Research, 36, 1439–1466.
Bauer, B., Jolicoeur, P., & Cowan, W. B. (1996b). Distractor
heterogeneity versus linear separability in visual search for colour
targets. Perception, 25, 1281–1293.
Bauer, B., Jolicoeur, P., & Cowan, W. B. (1999). Convex hull test of
linear separability hypothesis in visual search. Vision Research, 39,
2681–2696.
Boynton, R. M., & Kambe, N. (1980). Chromatic diﬀerence steps of
moderate size measured along theoretically critical axes. Color
Research and Application, 5, 13–23.
Brown, W. R. J., & MacAdam, D. L. (1949). Visual sensitivities to
combined chromaticity and luminance diﬀerences. Journal of the
Optical Society of America, 39, 808–834.
Derrington, A. M., Krauskopf, J., & Lennie, P. (1984). Chromatic
mechanisms in lateral geniculate nucleus of macaque. Journal of
Physiology (London), 357, 241–265.
DZmura, M. (1991). Color in visual search. Vision Research, 31,
951–966.
DZmura, M., & Knobloch, K. (1998). Spectral bandwidths for the
detection of color. Vision Research, 38, 3117–3128.
DZmura, M., Lennie, P., & Tiana, C. (1997). Color search and visual
ﬁeld segregation. Perception and Psychophysics, 59, 381–388.
DZmura, M., & Singer, B. (1999). Contrast gain control. In K. R.
Gegenfurtner & L. T. Sharpe (Eds.), Colour vision: from molecular
genetics to perception. Cambridge: Cambridge University Press.
Eckstein, M. P. (1998). The lower visual search eﬃciency for
conjunctions is due to noise and not serial processing. Psycholog-
ical Science, 9, 111–118.
Egeth, H. E., Virzi, R. A., & Garbart, H. (1984). Searching for
conjunctively deﬁned targets. Journal of Experimental Psychology:
Human Perception and Performance, 10, 32–39.
Friedman-Hill, S. R., & Wolfe, J. M. (1995). Second order parallel
processing: visual search for an odd item in a subset. Journal of
Experimental Psychology: Human Perception and Performance, 21,
531–551.
Gescheider, G. A. (1997). Psychophysics the fundamentals (3rd ed.).
Mahwah, NJ: Lawrence Erlbaum Assoc.
Graham, N. (1989). Visual pattern analyzers. New York: Oxford
University Press.Kaptein, N. A., Theeuwes, J., & van der Heijden, A. H. C. (1995).
Search for a conjunctively deﬁned target can be limited to a color
deﬁned subset of elements. Journal of Experimental Psychology:
Human Perception and Performance, 21, 1053–1069.
Kiper, D. C., Levitt, J. B., & Gegenfurtner, K. R. (1999). Chromatic
signals in extrastriate areas V2 and V3. In K. R. Gegenfurtner & L.
T. Sharpe (Eds.), Colour vision: from molecular genetics to
perception. Cambridge: Cambridge University Press.
Krauskopf, J. (1999). Higher order color mechanisms. In K. R.
Gegenfurtner & L. T. Sharpe (Eds.), Colour vision: from molecular
genetics to perception. Cambridge: Cambridge University Press.
Krauskopf, J., Williams, D. R., & Heely, D. W. (1982). Cardinal
directions of color space. Vision Research, 22, 1123–1131.
Krausfopf, J., Williams, D. R, Mandler, M., & Brown, A. (1986).
Higher order color mechanisms. Vision Research, 26, 23–32.
Lennie, P., Krauskopf, J., & Sclar, G. (1990). Chromatic mecha-
nisms zin striate cortex of macaque. Journal of Neuroscience, 10,
649–669.
MacLeod, D. I. A., & Boynton, R. M. (1979). Cone excitation diagram
showing cone excitation by stimuli of equal luminance. Journal of
the Optical Society of America, 69, 1183–1186.
Nagy, A. L. (1999). Interactions between achromatic and chromatic
mechanisms in visual search. Vision Research, 39, 3253–3266.
Nagy, A. L., & Thomas, G. (2003). Distractor heterogeneity, attention,
and color in visual search tasks. Vision Research, 43, 1541–1552.
Nagy, A. L., & Winterbottom, M. (2000). The achromatic mecha-
nism and mechanisms tuned to chromaticity and luminance in
visual search. Journal of the Optical Society of America A, 17,
369–379.
Nakayama, K., & Silverman, G. H. (1986). Serial and parallel
processing of feature conjunctions. Nature, 320, 264–265.
Palmer, J. (1994). Set size eﬀects in visual search: the eﬀect of attention
is independent of the stimulus for simple tasks. Vision Research, 34,
1703–1721.
Palmer, J., Aimes, C. T., & Lindsay, D. T. (1993). Measuring the eﬀect
of attention on simple visual search. Journal of Experimental
Psychology: Human Perception and Performance, 19, 108–130.
Palmer, J., Verghese, P., & Pavel, M. (2000). The psychophysics of
visual search. Vision Research, 40, 1227–1268.
Smallman, H. S., & Boynton, R. M. (1990). Segregation of basic colors
in an information display. Journal of the Optical Society of America
A, 7, 1985–1994.
Treisman, A., & Gelade, G. (1980). A feature integration theory of
attention. Cognitive Psychology, 12, 97–136.
Treisman, A., & Sato, S. (1990). Conjunction search revisited. Journal
of Experimental Psychology: Human Perception and Performance,
16, 459–478.
Wolfe, J. M. (1994). Guided Search 2.0: a revised model of visual
search. Psychonomic Bulletin and Review, 1, 202–238.
Wolfe, J. M., Cave, K. R., & Fanzel, S. L. (1989). Guided search: an
alternative to the feature integration model for visual search.
Journal of Experimental Psychology: Human Perception and Per-
formance, 15, 419–433.
Yantis, S. (1998). Control of visual attention. In H. E. Pashler (Ed.),
Attention (pp. 223–256). Hove, UK: Taylor and Francis.
Zaidi, Q. (2001). Is there a perceptual color space? Review of geometric
representations of perceptual phenomena. In R. D. Luce, M.
DZmura, D. Hoﬀman, G. J. Iverson, & A. K. Romney (Eds.).
Color Research and Application, 26, 325–328.
